Two fast-sedimenting chromatin complexes with sedimentation velocities of approximately 4600 and 3000 S can be isolated from logarithmically growing diploid Saccharomyces cerevisiae cells. The DNA in both structures appears to be folded into at least 60 domains and characterized by a negative superhelical density. Sensitivity to proteases and insensitivity to RNases suggest ta proteins an not RNA are important in maintaining the organization of the chromosomes in both structures. The 4600S and 3000S complexes represent folded genomes isolated from diploid cells in the G2 and GI stages of the cell cycle, respectively.
Recent studies (1-3) have provided a rather consistent and unified picture of the subunit structure of chromatin as a flexible chain of spherical particles (nucleosomes), but information on how the nucleosomes are organized into higher order structures is still fragmentary. Although higher eukaryotic cell types provide suitable material for cytological or ultrastructural studies, it seems clear that at present the very large genomes of such cells will make it difficult to carry out well-defined physical and biochemical studies on the long-range features of chromosome organization. The microbial eukaryote, Saccharomyces cerevisiae, with a genome size about 3.3 times that of Escherichia coli (4), may provide a more amenable system for these types of studies. The work reported here indicates the feasibility of using the yeast system in studying the structural and functional aspects of chromosome organization in a eukaryotic cell.
We have found that the nuclear genome from logarithmically growing diploid cells can be isolated as two compact, fast-sedimenting chromosome complexes containing RNA, protein, and a trace of membrane components and characterized by sedimentation velocities of approximately 4600 S and 3000 S. The DNA in both structures is characterized by a negative superhelical density, as judged by sedimentation studies with ethidium bromide (EtBr). The DNA in each complex appears to exist in a folded form with many separate superhelical domains. We can estimate that there must be at least 60 such domains, and quite likely many more. Both structures are insensitive to pancreatic RNase A or T1 RNase, but are sensitive to proteases. Comparison of complexes from haploid, diploid, and tetraploid cells indicates that the 4600S and 3000S structures represent genomes isolated from diploid cells in the G2 and G1 stages, respectively.
MATERIALS AND METHODS
Strains and Growth Conditions. Saccharomyces cerevslae strains X44 (a), 131 (aac), and X212 (aaaa) were used in this study. X44 is the a parent of the diploid 131, and the tetraploid, X212, is a cross between strains 131-20-2 (aa) and 131-20-4 (aca), Abbreviations: EtBr, ethidium bromide; LB buffer, 1 mM KH2PO4/1 mM EDTA/0.2% Nonidet P-40 at pH 7.5; Mr, molecular weight. all described previously (5) . All were grown in an acetate medium (PSP2) supplemented with 40 jig/ml of adenine, 10 ,ug/ml of uracil, and 40 jig/ml of leucine when required. Isotopic labeling of DNA was carried out by adding either 1-1.6 ,uCi/ml of [14C]uracil (30 mCi/mmol, New England Nuclear) or 5 ,ACi/ml of [6-3H] uracil (9. 2 Ci/mmol, New England Nuclear) to PSP2 medium.
Preparation of Chromosome Complexes. Logarithmic (1 to 1.5 X 107 cells per ml) cultures of strain 131 (10-30 ml) were harvested by centrifugation (2 min at 1150 X g). After the cell pellet was washed twice in cold glass-distilled water, it was resuspended in 5 ml of 75 mM thioglycollate/0. 1 M Tris-HCl at pH 8.8, made up just before use, and incubated for 15 min at 00. The cells were then washed twice in cold glass-distilled water, resuspended in 2.5 ml of 1 M sorbitol and 2% (vol/vol) glusulase (Endo Laboratories), and incubated for 10-15 min at 370. Spheroplast formation was monitored by phase microscopy. In all cases reported here, over 95% of the cells had been converted to spheroplasts by 10-15 min. The spheroplasts were washed by centrifugation (4 min at 1150 X g) three times with 5 ml of cold 1 M sorbitol. After each centrifugation the spheroplast pellet was resuspended very gently with a pasteur pipette. The last centrifugation was done in a small (10 X 75 mm) test tube. Spheroplasts were lysed by a modification of the method used by Hancock (6) in lysing cultured mouse cells. The spheroplast pellet was resuspended gently in 0.50 ml of LB buffer (1 mM KH2PO4/1 mM EDTA/0.2% Nonidet P-40 at pH 7.5), containing 25 mM 2-mercaptoethanol and 1 mM phenylmethylsulfonylfluoride, and allowed to sit at 00 for 30 min. Successful lysis was indicated by a clear, slightly opalescent lysate. To separate large debris we centrifuged the lysate for 3 min at 1000 X g at 40. The resulting supernatant is referred to as the S fraction, and the pellet as the P fraction. An aliquot of the S fraction (0.4 ml) was then layered on a 12-ml 10-30% sucrose (density gradient sucrose, Mann) gradient containing 1 Characteristics of Chromosome Complexes. The characteristic feature of these lysates, as revealed by band sedimentation in sucrose, is the presence of two fast sedimenting components containing about 70% of the nuclear DNA in the gradient. Fig. 1A illustrates the sedimentation profile of alkalistable, acid-precipitable radioactivity. We refer to the faster and more slowly sedimenting fractions as FT and FIT, respectively. The sedimentation pattern is independent of the concentration of the lysate over at least a 30-fold range in concentration. Varying the concentration of the detergent Nonidet P-40 in LB buffer from 0.1 to 1% had no effect on the sedimentation pattern. The use of other detergents, 0.4% Tween 20 or Tween 80,0.4% Triton X-100, or a mixture of 0.1% Brij-58 and 0.1% deoxycholate, also had no effect on the sedimentation pattern.
Addition of deproteinized yeast nuclear DNA to the LB lysate did not result in the cosedimentation of the exogenous DNA with either FI or FIT. All of these results suggest that the high S values observed are probably not aggregation artifacts.
The relative proportions of FI and FII varied slightly from experiment to experiment, although in most cases FII represented about 60-70% of the total radioactivity. Both FI and FIT, isolated from the preparative gradient as described in Materials and Methods, are stable for up to 5 days at 4°. The sedimentation profile of the isolated FI and FII components is shown in Fig. 1 B and C. FI is characterized by an S value of about 4600, and FIT by an S value of about 3000. The S values were determined using the E. coil membrane-attached folded chromosome as a marker (13, 14) . The S value of the E. coil chromosome (about 4600 S) was determined using T4 bacteriophage (1000 S) as a marker (15) . The S value of the complexes remains constant between centrifugation speeds of 5000 and 14,000,rpm (when the centrifugal force X time of centrifuga-tion is kept constant). Resedimentation of FI and FII during a 3-day period after their isolation resulted in invariant profiles and S values. Both FI and FII are stable for at least 30 min at 370. The stability of both fractions appears to be due primarily to the presence of phenylmethylsulfonylfluoride in LB buffer. In the absence of phenylmethylsulfonylfluoride the complexes are stable for only a few hours.
Chemical determinations indicate that FI and FII contain, in addition to DNA, RNA, protein, and traces of phospholipid (less than 1% of the total mass). The weight ratio DNA:RNA: protein obtained from a number of different preparations is approximately 1:1:4. Both FI and FIT precipitated in 0.1-0.2 M NaCi. At concentrations of NaCl greater than 0.5 M, the sedimentation velocity of FI and FII is reduced to less than 1000 S.
In the presence of 5 of the complexes. For levels of protease that do not dissociate the complex completely but that still result in a significant decrease in S value, the characteristic biphasic EtBr pattern is still obtained. This result argues again that the topological constraints imposed on the DNA result from protein-DNA interactions at many different sites.
FI and FII Are Functionally Different. The question of whether FT and FII represent structures isolated from cells at different stages in the cell cycle was examined by comparing the S values of complexes isolated from cells with different ploidy. Lysates from haploid and tetraploid strains showed that, as in diploids, fast sedimenting (FI) and slowly sedimenting (FII) components could be separated. However, the S values of the complexes isolated from each of the three different strains differed significantly (results not shown). The relationships between FT and FIT from the three strains were clarified in the following experiment. Two cell mixtures were prepared, one containing 3H-labeled haploid (X44) and 14C-labeled diploid (131) cells, and the other, 3H-labeled haploid (X44) and 14C-labeled tetraploid (X212) cells. Spheroplasts from the two mixtures were prepared, lysed, and run on sucrose gradients. The results (Fig. 3) is greatly extended. The highly compact folding suggested by the sedimentation data has probably been lost upon spreading, although some remnants remain at the center of the complex. The electron-dense core at the center may include membrane components. In most cases where the fixation step was omitted, much more extended structures were seen, and as shown in Fig.  4B , clear evidence of supercoiling was visible, especially in the peripheral regions.
DISCUSSION
The studies described in this paper indicate that chromosomal DNA in logarithmically growing diploid S. cerevistae cells is organized into two types of DNA-RNA-protein complexes characterized by sedimentation coefficients of about 46005S and 3000S. Together they account for at least 60-70%o of the nuclear DNA in the cell. Although the insensitivity of both complexes to RNase indicates that RNA is probably not involved in stabilizing and maintaining the integrity of the complex, we cannot rule out the possibility that a "structural" RNA exists, which is either resistant or inaccessible to both exogenous and endogenous RNases. On the other hand, both the FT and FIT structures are sensitive to proteases, which clearly indicates that proteins must play a crucial role in maintaining the conformational integrity of the complexes. Sedimentation studies with EtBr, supported by electron microscopic visualization, indicate that the DNA in the chromosome complexes is supercoiled. Although our data show that the superhelical density is negative, it has not been possible to calculate its value in a reliable way, Our data also suggest that the chromosomes in both FT and FTII -Cell Biology: Pi-non and Salts are organized or folded into separate superhelical regions or domains. We can estimate that there must be at least 60 such domains in both FT and FII.
The subunit structure of yeast chromatin appears to be similar to that of higher eukaryotes (20) with nucleosomes of about 200 base pairs of DNA. Germond et al. (21) have shown that nucleosome formation generates supertwists in relaxed, closed circular simian virus 40 DNA. The supercoiled DNA we detect in our complexes is probably the result of disruption of the nucleosome structure of the chromatin. The DNA cannot relax due to protein-DNA interactions that keep it rotationally constrained in many independent folds. Lauer and Klotz, (22) ; on the basis of viscoelastic retardation time measurements on yeast DNA, have suggested that the yeast genome may exist as one continuous DNA molecule, but at present the mitotic and meiotic behavior of yeast chromosomes seems most easily understood if there is a one-to-one correspondence between linear linkage groups and linear chromosomes. Comparison of FT and FIT complexes from haploid, diploid, and tetraploid cells has shown that the difference in sedimentation between FT and FII is due primarily to differences in DNA content, and, consequently, it seems likely that FT and FII structures arise from G2 and G1 nuclei, respectively. Our ability to separate chromosome complexes from these two stages indicates that each complex must be intact to a large extent, that is, that the isolated complexes retain important aspects of their structure in vivo. We may imagine that the structure in vivo results from chromosomes being embedded in and attached to elements of an intranuclear protein matrix which provides the structural elements of the nucleus. Such a fibrous matrix has been described recently (23) (24) (25) and is felt to extend from the nuclear envelope into and throughout the interior of the nuclear volume. Such a matrix could provide the rotational constraints on the DNA implied by our data and the structural integrity for maintenance of nuclear shape after the nuclear envelope has been removed.
Note Added in Preparation. After submission of the manuscript for publication, we became aware of two articles in which the existence of superhelical DNAs from other eukaryotes was reported: an article by Cook and Brazell (26) (brought to our attention by one of the reviewers of the manuscript) on HeLa cells and one by Benyajati and Worcel (27) on cultured Drosophila melanogaster cells. Our study differs in that (a) we have been able to isolate the folded DNA complexes in a stable form so that they retain their structural integrity for a considerable period of time, (b) the two structures that we isolated appear to be intact and represent complexes from different phases of the cell cycle, and (c) preliminary evidence suggests that our structures contain all five histones, in agreement with the recent report that yeast chromatin contains all five histones (28) and some 30 other nonhistone proteins, as judged by twodimensional gel electrophoresis.
PrQc. NatI. Acad. Sci. USA 74 (1977) We have not been able to obtain the FT and FIT structures as described above from cells grown in glucose, a fact that we attribute to a different proteolytic activity not inhibited by phenylmethylsulfonylfluoride.
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